Abstract
INTRODUCTION
Numerous references recognized the effort needed to motivate students in laboratory work, particularly in the fields of machines, drives and renewable energy [1] [2] [3] [4] [5] . More research has been carried out to include virtual laboratories that aim to enhance learning [6, 7] or as an alternative to real laboratories [8, 9] . The development of virtual laboratories requires the implementation of appropriate digital elements models that fulfill both scientific and educational requirements. Among the elements widely used in electrical and electromechanical engineering teaching, the synchronous generator (SG) plays a pivotal role. In fact, synchronous generators are used almost exclusively in power systems as source of electrical energy. The generator is supply with mechanic power from a prime mover, usually a turbine, whilst the excitation is provided by an excitation system [10] . Several works on SG modeling have been reported in the literature. In many cases as in hydropower plants, rotor dynamics are used for its implementation [11] [12] [13] . However, the theoretical or practical teaching on the SG, should also demonstrate the key role of excitation system and its automatic voltage regulator (AVR) as well as the electrical part. In most cases, when the full model is used [14] [15] [16] , electrical equations are simply incorporated into Simulink's blocks. Although these models are mostly dedicated to the prediction, they are in general unable to be used in identification, optimisation and diagnosis programs. A large number of state-based SG models that contributes to solve these problems are presented in the literature. However, some improvement is still required. In fact, either the choice of the control variables of the model depends on the desired simulations [17] or it doesn't facilitate a series of simulations replicating real life situations [18] . In both cases, it must be either incorporated the rotor dynamics, or improve it in order to obtain a model that is flexible and suitable for electrical energy generation systems using a SG. They are thus either not versatile or flexible. Nevertheless Matlab became a standard tool for flexible technical computing and Simulink became an interactive tool for modeling, simulating, and analyzing dynamic systems. Simulink offers a set of tools that can be used to build complicated systems from a library of built-in blocks and allows the creation of custom blocks that incorporate C/C++, FORTRAN, or Matlab codes [11] . This features make MATLAB/Simulink a better choice for nonlinear dynamics models. In this paper, Matlab/Simulink program is used to propose a numerical model of a SG (Fig. 1) , suitable for training and teaching. The proposed SG model in a nonlinear state form can be used to perform almost all simulations, for parameter identification, optimization and diagnosis processes. The strategy used to include the mechanical power makes the model adequate for most electrical power generation systems using SG and training or didactical tools [19] . Operations are performed as in a real life situation. This paper is organized into four sections. The first part focuses on the overall model while highlighting the process of its integration into systems of electric power generation. The second part presents the process of modeling various subsystems. The third part focuses on the utilization and the final part presents some results with the model inserted in a complete system of hydropower production.
PRESENTATION OF THE SYSTEM
The full system of hydropower plant is depicted by Fig.  1 . It consists of the hydraulic circuit, the control circuit and the generator. The generator and the excitation system which are the focus this paper are limited by the dotted area. It consists of both electrical and mechanical parts, the excitation system and the islanded load. For its operation, the rotational speed is provided by the mechanical part. It is maintained constant by the speed controller through a balance between the mechanical and the active electrical power via a comparator. The mechanical power is generated by water energy due to the elevation and the active power is consumed by the load. The load also consumes the reactive power that is compensated by the excitation circuit through the field current. This helps to keep the voltage at the generator output constant. The presented model is able to produce all the desired curves.
The features of Matlab/Simulink facilitate the use of exogenous variables to implement nonlinear state models of various sub-systems through S-functions. 
THE MODELING PROCESS OF VARIOUS SUB-SYSTEMS
This article is mainly focused on the SG model for the purposes of training and education. Therefore, this section describes the process of developing the model according to the desired objectives. The development of equations and the presentation of the results has been the object of a scientific article.
The generator
Among training purposes, the model should be used to perform all simulations and to present the desired curves. Beyond the needs of prediction, it should be used by learners for parameters identification and diagnostics processes. Also, it must facilitate its insertion in power plants that use a SG. To achieve these objectives the modeling process of the generator consisted of modeling various parts and bound together as shown on Fig. Fig. 1. 
The electric part
The classical well-known equivalent circuits of SG are given in Fig. 2 below.
Fig. 2. d-q axis Equivalent circuits of a synchronous generator
The voltages equations of SG can be organized into matrix form as presented in [20] .
A major asset of this model is the integration of the load in the state matrices [18] . However, the process of integration and computation of load impedance values is improved. In fact, the model of a local load for an islanded system given by equation (1) is depicted by Fig.3 [21] . The impedance computing process includes the actual values of active and reactive power output. With this impedance value and considering the impedance of the line zero, the voltage equation of the load is brought in Park's reference and concatenated [22] . As the load is directly connected to the generator, the equality between the SG armature and the load voltages in Park's reference provides the state model of the electrical part of the SG of (2) [22] .
Fig. 3. Generator connected to and islanded load
The load equivalent parameters can be formulated as follows: 22 22 and
Where z l =r l +jx l is the per unit load equivalent impedance, P t , Q t , v t , i t are respectively the per unit active and reactive power, terminal voltage and current. [22] .
The ease of the use of exogenous variables in MATLAB/Simulink facilitates the integration of the saturation by re-evaluating the magnetizing reactance, using the saturation factor [17] .
The mechanical part
For an isolated load, the dynamic process of the generator unit considering the load characteristic is given in [11] . The model facilitates the use of the speed controller.
The excitation system
The brushless excitation system [23] used in this paper and depicted by Fig. 4 consists of an amplifier, an excitatory, a compensator and a regulator. The procedure of getting its state model (3) is described in detail in [22] . State models offer for the learners, an easy stability study, poles placement, and other related advantages. 
Binding of various part
The process assembling different blocks is of paramount importance. It facilitates the implementation of the model in most plants using synchronous generators and dynamic simulations. The facilities offered by Simulink through exogenous variables and programs in Sfunctions ease the implementation of model given in Fig.  5 . The model of the electrical part is nonlinear due to the change of d and q reactance while taking not only the saturation phenomenon into account, but also through the variation of the rotational speed due to the changes in load. The Fig. 5 presents the model as implemented in Matlab/Simulink.
The values of impedances entered into the block of dynamic variation of the load are computed according to (1) , based on both the active and reactive output power values. The changes in power are due to the corresponding test scenario. Various tests simulations can be carried out with the proposed model, including field short-circuit test. 
Utilization
The pedagogical advantages of the model presented in this paper reside in the fact that, it can be used to carry out almost all simulations such as: load switching, load rejection, three phase short circuit, field short circuit. As in, real life situation, a series of successive simulations can be performed without the need of initial conditions reevaluation and presents all desired curves. It allows parameter identification, optimization and diagnosis processes.
The process of simulation is performed as follow: The selection of the series of simulation, the computation of impedance values, the inserting of data into the dynamic model of impedance and finally the simulation. As its initial conditions are easy to compute, the simulations start at no load. Table 1 shows the impedance data for the simulations. 
RESULTS
Operations representing real situations used to test the electrical part of the synchronous machine are shown in Fig. 6 . The simulation data of the synchronous generator and the load are available in the table 2. It is a generator of 4-poles, 1.5-kVA, 60-Hz, and 208-V. (2). The instability of the curves after transient states is due to the absence of the excitation system and it AVR. The rotation speed is considered constant at 1 pu. These two situations are corrected while implementing the model in a hydroelectric plant of the Fig. 8 . This structure strictly complies with all the explanations in the first part of this document. Primary energy here is provided by the hydroelectric dam. The sequence of operations performed as common in plants is shown on Fig. 6 . The related values of equivalent impedances and of various parts used for simulation are available in [22] . It is the full model of the SG of 231.6 MW inserted in a hydroelectric power plant. Fig. 9 . Results of the armature currents in abc reference when inserting the generator in and electrical generation system: a) All the simulation; b) Zoom at load switching These results illustrate the dynamic and versatile features of the SG model presented in this paper. Given the possibility of successive and progressive simulation, it is not necessary to repeatedly evaluate initial conditions. The simulation can therefore start at no load where the initial conditions are easy to compute and then evolve towards the desired state. The excitation system and its AVR are essential for maintaining the armature voltage constant after the transient states. However the overall system is kept in balance by a combined action between the excitation system and the speed controller. All desired curves can be observed. The model is suitable for electrical power generation systems using a SG.
CONCLUSION
This article presents a dynamic nonlinear model of the SG made of both an electrical and a mechanical part, and the excitation system with it regulator (AVR). The model that easily integrates the saturation, allows a succession of operation as in real life situation, without the need for initial conditions re-evaluation. The state model of the electrical part and the strengths of Matlab / Simulink software are combined for presenting all the desired curves. It is a suitable model for the determination of the parameters and other specific techniques used with state models. It fits easily into the system of production of electrical energy using synchronous generators such as hydroelectric plant presented in the last section. It is therefore, a versatile and flexible model, suitable for student in numerical laboratory works with a SG.
